Closed end ͑10, 10͒ single walled carbon nanotubes ͑SWNTs͒ have been opened by oxidation at their ends and at wall defect sites, using ozone. Oxidation with ozone, followed by heating to 973 K to liberate CO and CO 2 , causes etching of the nanotube surface at carbon atom vacancy defect sites. The rate of adsorption of Xe has been carefully measured as a function of the degree of nanotube etching by ozone. It is found that a level of etching corresponding to wall openings of about 5-7 Å radius is optimal for maximizing the rate of Xe adsorption. Beyond this level of etching, the rate of Xe adsorption decreases as the surface area of the SWNTs decreases due to further carbon atom removal. Both experiment and modeling show that the presence of polar oxidized groups, such as -COOH or -COR groups, with dipole moments in the range 1.5-3.0 D at the perimeter of the defect sites, causes a retardation of the rate of Xe adsorption due to dipole-induced dipole interactions. This effect is larger for smaller radius defect sites and decreases as the defect sites increase in size beyond about 7 Å radius. At large defect radii, the energetic profile of the adsorption pathway controls the physisorption rate. Modeling shows that after Xe adsorption has been completed inside the nanotubes, then Xe clusters begin to form on the outer surface of the nanotubes at the defect sites where polar groups are present. The Xe clustering effect also occurs to a smaller degree when the defect sites are not decorated by polar groups. The experiments and modeling demonstrate how one may optimize the rate of adsorption of a gas into nanotubes by the adjustment of the size and polar character of the vacancy-site entry ports in the walls of the nanotubes.
I. INTRODUCTION
The adsorption of gases into the interior of open single walled carbon nanotubes ͑o-SWNTs͒ is of great interest because of the strong adsorption energies which occur there compared to that found on planar carbon surfaces. 1 For adsorption to occur inside, there must be entry ports into the interior. These ports consist of the nanotube open ends as well as carbon vacancy defect sites in the nanotube walls. 2, 3 In earlier papers, we have shown that ͑10, 10͒ o-SWNTs, when prepared by cutting using an H 2 O 2 /H 2 SO 4 ultrasonication technique, contain various types of oxidized functionalities at the entry ports including carboxylate and ester groups. 3 By heating the partially-oxidized nanotubes to 1073 K, in vacuum, the oxidized groups are largely destroyed with the evolution of gases such as CO and CO 2 .
2, 3 The removal of these groups significantly enhances the kinetics of adsorption of the nanotubes for Xe. 2 The atomic fraction of oxidized carbon atoms which are associated with the entry ports to the interior is about 0.05, indicating that in addition to the open ends, there must also be carbon vacancy defect sites in the nanotube walls for materials prepared in this manner. 4 Indeed, the experimentally measured kinetics of adsorption into the interior of o-SWNTs is an excellent indicator of the availability of entry pathways through the ends and walls of the nanotubes.
We have also employed ozone as an oxidizing agent to produce oxidized surface functionalities on o-SWNTs which have been previously activated by heating in vacuum. 5 It has been shown that O 3 can be used to titrate the vacancy defect sites, and that sequential O 3 treatment, followed by heating in vacuum to liberate CO and CO 2 , leads to etching of the nanotubes and to their eventual consumption. In this paper we have investigated the adsorption kinetics of Xe into the nanotubes as a function of the degree of etching of the nanotubes. The results show that the adsorption kinetics may be optimized by control of the extent of the O 3 -etching process by adjusting the ratio of entry ports to remaining wall sites through controlled etching by O 3 .
II. EXPERIMENTAL METHODS

A. Carbon nanotube samples
The pulsed laser vaporization ͑PLV͒ technique was used for the production of single walled nanotubes. 6 The raw nanotubes were purified by HNO 3 /H 2 SO 4 treatment to remove various forms of carbon impurities. 6 A SEM image of the SWNTs is shown in Fig. 1 . The purified material is believed to be composed of very long ͑0.1-1 m͒ bundles of nanotubes which have mainly closed ends. The SWNT sample was deposited onto a Au-covered Ta foil from a suspension in dimethylformamide ͑DMF͒ using a known aliquot volume, and the solvent was evaporated leaving a 1 cm diam spot covered with 22.8 g of SWNTs. Initial Xe adsorption studies were made on this sample after heating to 1023 K in vacuum, and subsequent Xe adsorption experiments were made following sequential O 3 reaction ͑300 K͒ and heating cycles ͑973 K͒ which systematically etched the SWNT sample in a controlled manner.
B. Vacuum techniques
All measurements were made in an ultrahigh vacuum chamber (base pressureϭ2ϫ10 Ϫ10 Torr) similar to that used previously. 2 The chamber is equipped with a 360 l/s ion pump and a 150 l/s turbopump. As shown in Fig. 2 , temperature programmed desorption ͑TPD͒ measurements were made using an apertured and differentially pumped quadrupole mass spectrometer ͑UTI Instruments/100C͒. The 3 mm diam aperture of the QMS is biased at Ϫ70 V to exclude the possible effect on the sample of the stray electrons from the thermionic emitter of the QMS. 7 By the use of an auxiliary W electrode contact to the foil support, it was possible to reproducibly locate the Au/W foil at a known distance ͑0.2 cm͒ from the QMS aperture. The thermal desorption of Xe from the sample was carried out after backfilling the chamber with Xe at 7.4 ϫ10 Ϫ7 Torr ͑corrected ion gauge pressure with the reading divided by 2.7 relative to nitrogen͒ for 900 s. This standard dose of Xe was used to compare the kinetics of Xe adsorption on the nanotube sample after each O 3 treatment; additional Xe adsorption measurements are made after heating the O 3 -treated sample to 973 K in vacuum to remove the oxidized groups, causing sequential etching. The standard Xe exposure employed was 1.2ϫ10 17 Xe/cm 2 . In order to be certain that the Xe adsorption measured was associated with the nanotube sample, a second Au-coated Ta foil, which did not contain the nanotube deposit, was also used as a control. A small amount of Xe was observed to adsorb on the foil amounting to no more that a few percent of the Xe observed from the nanotube sample, and all measurements were corrected for this effect. The desorption of Xe from the gold foil was used to calibrate the mass spectrometer by assuming that a monolayer of Xe was present on the control surface after the standard Xe exposure. This saturation coverage is 6 ϫ10 14 Xe/cm 2 .
2,8
For TPD measurements, the sample was programmed in temperature at a rate of 1.0 K/s, using Labview software with the temperature measurement being made by a type-K thermocouple welded to the upper edge of the Au/Ta foil support. The temperature of adsorption was 95 K, and this was controlled electrically.
To measure the rate of nanotube filling with xenon, the experiment was carried out in an exposure range from 1.2 ϫ10 17 Xe/cm 2 to 9.6ϫ10 17 Xe/cm 2 using different exposure times: 15, 25, 60, and 120 min at a constant pressure of Xe.
C. Ozone production and dosing
Ozone was prepared, purified, and stored in a separate glass generator system described previously. 7, 9 The purity of the O 3 was measured to be 97%(3% O 2 ).
The ozone generator was connected using a strain free design to a glass doser inside the UHV chamber using a glass spiral, as shown in Fig. 2 . The glass doser consists of a cylindrically shaped head containing multiple holes for uniform O 3 deposition on the sample. The doser assembly also contains a glass capillary of ϳ0.06 mm inner diameter to control the conductance of O 3 into the UHV chamber. The dosing was calibrated with O 2 gas and was shown to give a delivery rate of 2.9ϫ10 14 
III. EXPERIMENTAL RESULTS
Representative Xe TPD spectra are shown in Fig. 3 , as obtained after various stages of etching of the nanotubes with O 3 . On the left-hand side of Fig. 3 we plot Xe TPD spectra after the standard Xe dose for the sample cumulatively exposed to increasing amounts of O 3 . In these measurements, the SWNT sample has experienced sequential heating cycles to 973 K followed by O 3 exposures. On the right the Xe TPD spectra have been obtained after a heat treatment at 973 K in vacuum on the O 3 -exposed sample. The spectra are arranged for increasing total exposure to O 3 as the sequential O 3 dosing and heating experiments progress, and the data show the cumulative effects of nanotube etching as one moves down the figure.
The data in Fig. 3 clearly show several effects: ͑1͒ O 3 etching leads initially to higher coverages of Xe; ͑2͒ A low temperature Xe desorption process near 110 K is characteristic of the SWNTs which have received little or no O 3 etching treatment; ͑3͒ Extensive O 3 etching produces a higher temperature Xe desorption process near 140 K; and ͑4͒ Extensive O 3 etching causes the Xe coverage to decrease for the standard Xe dose. In addition to these observations, the data also show that in each case the O 3 -treated SWNTs, which have then been heated to 973 K, more rapidly adsorb Xe compared to the sample which has just been exposed to O 3 without the heat treatment.
The heat treatment at 973 K, used to remove the oxidized functional groups from the SWNTs, is carried out by ramping to temperature followed by 20 min heating at 973 K. Both CO and CO 2 are observed to evolve above about 470 K ͑not shown͒. Figure 4 shows the effect of longer heating ͑after O 3 treatment͒ on the Xe adsorption behavior.
Within experimental error, it may be seen that no differences are observed for Xe uptake for the standard Xe dose for heating periods longer than 20 min, indicating that our heat treatment for 20 min achieves a uniform end point in removal of the oxygen-containing functional groups produced by O 3 . Figure 5 shows the full range of results in which the Xe coverage achieved by a standard Xe dose of a 1.2ϫ10 17 Xe/cm 2 exposure is used as a measure of the initial rate of adsorption on the treated SWNTs. The coverage of Xe is measured from the area of the Xe TPD features in the tem- 19 O 3 /cm 2 , the Xe adsorption decreases. We may estimate the Xe coverage ͑dark points͒ achieved by the standard Xe exposure, expressed as atoms of Xe per C atom, N Xe /N C . This absolute coverage estimate at the maximum Xe coverage achieved (N Xe /N C ϳ0.010) agrees very well with absolute coverages (N Xe /N C ϭ0.011) which we have previously reported on similar SWNT samples ͑acid cut and heated͒ exposed to Xe at the same Xe exposure level.
2 Figure 6 shows the ratio of the Xe coverages achieved at various stages of O 3 -induced etching, where the quantity of Xe adsorbed after removal of the blocking functional groups N Xe (973) is compared to the quantity of Xe adsorbed on the SWNTs which contain the O 3 -produced functional groups ͓N Xe ͑O 3 )]. It may be seen that the fractional change observed upon producing blocking groups by O 3 is largest at the early stages of etching, and falls as the cumulative etching process continues. In all cases the ratio is greater than unity indicating that removal of the blocking groups by heating produces enhanced adsorption kinetics at all levels of etching of the SWNTs. Figure 7 shows the Xe TPD spectra measured for O 3 -oxidized nanotubes before heating and after heating, after they were exposed to 1 . Figure 8 shows the integrated area of the Xe TPD peaks versus the Xe exposure. The equivalence in Xe coverage achieved after Xe saturation for nanotubes which possess oxidized functionalities compared to those which have been heated to remove these functionalities shows that Xe adsorption measurements made with the smaller standard Xe dose of 1.2ϫ10 17 Xe/cm 2 are an appropriate measure of Xe adsorption kinetics rather than a measure of the total Xe coverage at saturation. The progress toward the saturation coverage of Xe is shown in Fig. 8 , and the data in Figs. 7 and 8 indicate that measurements of the Xe coverage following a standard Xe exposure of 1.2 ϫ10
17 Xe/cm 2 may be used to approximate the rate of adsorption in the SWNTs. Results from simulations ͑not shown͒ demonstrate that the saturation Xe capacities for the oxidized and heat treated nanotubes are identical, in agreement with the experimental findings shown in Fig. 8 . 
IV. THEORETICAL MODELING OF Xe ADSORPTION AND DISCUSSION
A. Theoretical modeling of the etchingÕadsorption process
Single control volume grand canonical Monte Carlo ͑GCMC͒/molecular dynamics ͑MD͒ ͑Ref. 11͒ was implemented to study the adsorption kinetics of Xe on etched single wall carbon nanotubes. This technique consists of two concurrently running simulations. The first is a GCMC simulation that maintains a given chemical potential in a control volume ͑subset of the simulation box, Fig. 9͒ . The second is a MD simulation modeling the dynamics of adsorption. The temperature and the pressure of the simulation box were chosen to be 95 K and 2ϫ10 Ϫ6 Torr to closely mimic the conditions of the experiment.
A single ͑10, 10͒ nanotube, 50 unit cells in length, was created. The length of the tube was 115.5 Å and the radius was 6.78 Å. A hole defect on a nanotube was created by randomly choosing a carbon atom and removing all its neighbors within a given distance. The radius of the defect ranged from 0.4 to 1.3 times the nanotube radius. Dipole vectors were located on the carbon atoms at the defect site with only one or two bonded neighbors in order to mimic the behavior of polar groups at the edges of the defect site as the diameter of the defect site is increased. We have used the following criteria to choose the direction and the strengths of the dipoles. For a carbon atom with two carbon neighbors the most probable orientation of a dipole is assumed to be the vector collinear to the line connecting the center of the hexagon with the carbon atom. From a chemical viewpoint this dipole could be generated by replacing a carbon atom by a CvO ketogroup. For a carbon atom with a single neighbor we assume that rotation of the chemical groups ͑-OR, -COOR͒ around a single bond leads to an averaged dipole that is collinear to the carbon-carbon bond. Dipoles of aromatic ketones, alcohols, ethers, acids, esters and aldehydes lie in the range of 1-3 D ͑debye͒. For example, for phenol and cresols: ϭ1.6-1.8 D; for benzyl-alcohol: ϭ1.7 D; for benzoic-acid: ϭ1.7; for methyl phenyl ketone: ϭ3.0 D. Based on these values, we have selected 1.5 D and 3 D for dipole moment values for our simulations. While bond dipoles are somewhat smaller than the molecular dipoles here, we believe that the range 1.5-3.0 D is fairly realistic for the local dipoles that would be found on defective SWNTs.
The interaction of a Xe atom with a SWNT was calculated as a summation over all pairwise interactions with the atoms in the tube. The Crowell-Brown anisotropic 6 -12 potential 12 was used to model the dispersion and overlap interactions. The dipole-induced dipole interaction was taken into account to describe the potential between Xe and polar groups on a nanotube. This potential was similar to the charge-induced dipole interaction used by Simonyan and Johnson for hydrogen adsorption. 13 A cutoff distance of 20 Å was used for all interactions. No long-range corrections were applied. It has been shown a 20 Å cutoff is sufficient for a qualitative description of these systems.
Representative results of the simulation of Xe adsorption on damaged nanotubes are shown in Fig. 10 . Note that the initial rate of uptake of Xe is not a monotonic function of the defect radius for either the heat treated (ϭ0) or the oxidized (Ͼ0) cases.
The saturation value of Xe adsorption on the nanotube internal surface is about 150 particles ͑N Xe /N C ϭ0.08; 3 Xe/ unit cell͒. The small increase in the saturation coverage compared to that calculated previously 14 is due to the formation of a cluster of Xe atoms on the external surfaces of the nanotubes. External clusters start to grow at the hole-defect site, close to the GCMC box ͑see Figs. 9 and 11͒. The probability of cluster formation increases with the dipole strength. For the pressure and temperature range of the simulation the adsorption on the external surface occurs only after the nanotube is filled with Xe atoms. This is because the interaction potential for a Xe atom adsorbing on the external surface of the nanotube is significantly enhanced due to the presence of the adsorbed Xe atoms inside the nanotube.
The initial slope of the adsorption curves, kϭdN/dt, as shown in Fig. 10 can be used as a measure of the adsorption kinetics. Making defects larger by removing terminal carbon atoms facilitates penetration of the xenon atoms inside of a nanotube and improves the adsorption rate. However, the removal of the carbon atoms also removes a portion of the attractive interaction between fluid and solid and results in a less favorable adsorption kinetics pathway for the Xe transi- tion from the external to the internal surface. Thus, the most rapid adsorption to saturation takes place for intermediate size defects of about 5-7 Å radius. We conclude that for defects of small size the geometrical factor is the most important factor, i.e., defect size governs the rate of adsorption. For larger defects the energetic profile of the adsorption pathway plays the dominant role in determining the physisorption rate.
Two curves of the initial adsorption rate are shown in Fig. 12 to compare with the experimental results of Figure 5 . The two curves generally resemble the experimental measurements, where sequential O 3 etching experiments were carried out and where a comparison was made between the O 3 -treated nanotubes, and nanotubes which had then been heated to remove the oxygenated functional groups. The arrows in Fig. 12 show a pathway between points 1-4 which is similar to that seen in the experimental results of Fig. 5 . Thus the treatment with O 3 to form polar groups on the defect sites leads to a decrease in the Xe adsorption rate at a given defect size; removal of the blocking polar groups leads to an increase in the adsorption rate. The results for ϭ0 D and for ϭ1.5 D capture the basic behavior; for ϭ3.0 D, the simulated behavior was very similar to the results for ϭ1.5 D.
It is of interest to compare the experimental ratio, N Xe (973)/N Xe (O 3 ), shown in Fig. 6 with the same ratio calculated from the simulation. The ratio of the rate of adsorption on the annealed nanotubes ͑where blocking groups have been removed͒ to the rate of adsorption on the nanotubes blocked with the oxygen-containing functional groups plotted as a function of the extent of etching ͑or in the modeling, the defect size͒ show a very similar functional trend as seen in Fig. 13 , where the simulation data have been converted from an abscissa of defect radius to cumulative O 3 exposure by forcing the experimental and theoretical curves to have the same peak maximum positions. The two curves are qualitatively similar, but do not quantitatively agree. This may be due in part to the fact that a distribution of defect sizes and nanotube lengths exists in reality, whereas the model considers only a single defect size. The ratio of N Xe (973)/N Xe (O 3 ) from the simulations drops quickly below unity while that for the experiment remains above unity. The simulation ratio falling below unity is a consequence of the enhancement in adsorption rate due to dipolar groups for larger defect radii relative to the ϭ0 defects ͑see Fig. 12͒ . This effect may be masked in the experimental situation because the experimental sample containing many nanotubes presumably does not etch at the same rate, so many of the nanotubes will have relatively small defects, even after repeated O 3 exposure cycles.
B. The oxidation of SWNTs by O 3
Ozone is a powerful oxidizing agent for SWNTs and it can be employed conveniently in a vacuum system to perform systematic oxidation treatments. Infrared spectroscopic measurements 5 indicate that O 3 produces both ester (O-CvO, 1739 cm Ϫ1 ͒ and quinone ͑ϾCvO, 1650 cm Ϫ1 ͒ groups at carbon vacancy defect sites, either on the tube ends or on wall defect sites. 4, 5 These groups can be removed by heating to temperatures above 873 K, 5 and both CO(g) and CO 2 (g) are observed to form. Raman spectroscopic measurements have shown that removal of oxidized groups from SWNTs by heating to 1073 K does not perturb the basic local tubular structure of the nanotubes. 2 These measurements correlate well with observations of the behavior of graphite upon oxidation by acids, where C-O, CvO, and O-CvO groups are detected from their characteristic C(1s) chemical shifts, but where the basic sp 2 -hybridized structure of graphite remains as deduced from the -* shake up satellite in the XPS spectra. 2, 15, 16 The measurements shown here indicate that, beginning with closed end SWNTs, O 3 opens entry ports for adsorption, causing a significant increase in Xe adsorption kinetics. It is likely that both the strained endcaps of the SWNTs as well as C-vacancy defect sites in the walls are readily etched by O 3 . This conclusion is based on our previous measurements which show that O 3 initially produces a loss of about 5% of the surface carbon atoms per etching cycle, as judged by the quantity of CO and CO 2 which are produced. [3] [4] [5] This large fraction of active C sites could not be present solely on the ends of the SWNTs. 3, 4 In these experiments O 3 acts as a titrant for the defect sites. 5 In the experiments shown in Fig. 5 , the cumulative effect of O 3 etching of the nanotubes is thought to first open the end caps as well as small wall defects as shown in the schematic drawings. As etching proceeds, the nanotube walls are gradually destroyed and the wall vacancy defect sites expand until the nanotubes become segmented with the production of adsorption ports whose total open surface area becomes comparable or larger than the remaining internal nanotube surface area for adsorption. This sequence of events causes the adsorption behavior observed in Fig. 5 , where it is found that intermediate stages of tube wall etching produces the most favorable Xe adsorption kinetics, optimizing the nanotubes as adsorbents.
C. Xe adsorption as a probe of entry ports to the nanotube interior
The Xe adsorption/desorption measurements shown in Figs. 3 and 5 clearly show that the quantity of Xe adsorbed from a standard exposure to Xe at 95 K is strongly correlated with the degree of SWNT oxidation by O 3 . We assume that the standard dose of Xe employed here may be used to judge the relative rate of adsorption of Xe into the SWNTs, and that this rate is related to the relative size of the entry ports into the nanotube interior. This assumption is supported by the value of N Xe /N C (ϳ0.010) achieved in the intermediate stage of etching ͑Fig. 5͒. For full capacity, a value of N Xe /N C ϭ0.042 was previously measured, 2 compared to a theoretically calculated capacity of N Xe /N C ϭ0.06 at the Xe exposures employed.
14 Thus our standard dose of Xe produces only partial filling of the nanotube interior, and the quantity of Xe adsorbed may be used as an index of the relative rate of adsorption.
D. Blocking of entry ports by oxidized functional groups
The results of Figs. 5 and 6 indicate that the oxidized functional groups are effective in partially blocking Xe adsorption into the nanotube interior. At low levels of O 3 etching, where the wall entry ports are relatively small, the influence of the functional groups on reducing the rate of Xe entry is largest ͑Figs. 6 and 13͒ and the ratio N Xe (973)/ N Xe (O 3 ) passes through a maximum. As the perimeter of the wall entry ports increases because of more extensive etching by O 3 ͑and subsequent volatilization of C as CO and CO 2 ͒, the relative importance of the oxidized groups in controlling the kinetics of Xe entry is observed to decrease, as expected from geometrical considerations. Figure 3 shows that two Xe desorption processes may be observed for SWNTs containing various levels of defect den- sity. For tubes which have been etched only a little, a Xe desorption process with rate maximum near 110 K occurs. As the etching proceeds, a new process with a desorption rate maximum near 140 K begins to be seen, and eventually to dominate the desorption kinetics. For extensive etching, the coverage of Xe decreases, and the two Xe desorption processes diminish in their yield together. Qualitatively this trend in Xe desorption kinetic behavior is observed for SWNTs which are covered with oxidized groups at the entry ports as well as for SWNTs where the oxidized groups are removed. The origin of this change in the desorption kinetics with increased etching is not currently understood.
E. Temperature programmed desorption behavior of Xe in SWNTs
F. Summary of results
These investigations of the adsorption of Xe in carbon single walled nanotubes have revealed a number of important phenomena governing the kinetics of Xe adsorption and desorption, and the dependence on the opening of entry ports into the interior by SWNT etching by ozone. It is likely that our studies with Xe generally mimic the behavior of other adsorbed molecules as they encounter nanotubes with varying defect densities.
͑1͒
Increasing the defect size initially produces an increase in the Xe adsorption rate into the interior of the nanotubes as shown by the general agreement between experimental and theoretical measurements. ͑2͒ Above a defect radius of Ͼ7 Å(ϭ0) a decrease in the rate of Xe adsorption is observed. This effect is mainly due to a loss of carbon atom adsorption sites for adsorption in the interior of the nanotubes as etching to form CO and CO 2 occurs, causing significant loss in nanotube surface area. This effect is seen both in the experiments and in the modeling. ͑3͒ The influence of polar blocking groups on reducing the rate of Xe adsorption is most pronounced for smaller radius defects and diminishes as the defect radius increases, as seen both in the experimental and theoretical analyses. ͑4͒ According to the modeling, during later stages of adsorption, where the interior of the nanotubes has become saturated with Xe, clustering of Xe onto the defect sites begins to occur, causing external adsorption to begin. This clustering effect occurs for defect sites without a dipole moment as well as for defect sites decorated with 1.5 or 3.0 D dipoles. The probability of Xe cluster formation near the defect site is enhanced when dipoles exist at the defect site perimeter.
͑5͒ Ozone is an effective agent for the systematic and controlled etching of SWNTs when local oxidation effects are followed by heating to remove the oxidized carbon atoms. On the basis of the agreement between Xe adsorption experiments and theory, it appears that O 3 is especially active for the oxidation of wall defect sites where dangling carbon bonds exist; subsequent heating causes the wall defect sites to open further as carbon is evolved as CO and CO 2 . Ozone etching therefore may be used to optimize the adsorption kinetics into single walled carbon nanotubes.
